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Cloud	  relevance	  to	  earth	  climate	  
	  

Summary for Policymakers

12

from black carbon absorption of solar radiation. There is high confidence that  aerosols and their interactions with clouds 
have offset a substantial portion of global mean forcing from well-mixed greenhouse gases. They continue to contribute 
the largest uncertainty to the total RF estimate. {7.5, 8.3, 8.5}

• The forcing from stratospheric volcanic aerosols can have a large impact on the climate for some years after volcanic 
eruptions. Several small eruptions have caused an RF of –0.11 [–0.15 to –0.08] W m–2 for the years 2008 to 2011, which 
is approximately twice as strong as during the years 1999 to 2002. {8.4}

• The RF due to changes in solar irradiance is estimated as 0.05 [0.00 to 0.10] W m−2 (see Figure SPM.5). Satellite obser-
vations of total solar irradiance changes from 1978 to 2011 indicate that the last solar minimum was lower than the 
previous two. This results in an RF of –0.04 [–0.08 to 0.00] W m–2 between the most recent minimum in 2008 and the 
1986 minimum. {8.4}

• The total natural RF from solar irradiance changes and stratospheric volcanic aerosols made only a small contribution to 
the net radiative forcing throughout the last century, except for brief periods after large volcanic eruptions. {8.5}

Figure SPM.5 |  Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of climate change. Values are 
global average radiative forcing (RF14), partitioned according to the emitted compounds or processes that result in a combination of drivers. The best esti-
mates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right 
of the figure, together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, VL – very low). Albedo forcing due to 
black carbon on snow and ice is included in the black carbon aerosol bar. Small forcings due to contrails (0.05 W m–2, including contrail induced cirrus), 
and HFCs, PFCs and SF6 (total 0.03 W m–2) are not shown. Concentration-based RFs for gases can be obtained by summing the like-coloured bars. Volcanic 
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic radiative forcing is provided 
for three different years relative to 1750. For further technical details, including uncertainty ranges associated with individual components and processes, 
see the Technical Summary Supplementary Material. {8.5; Figures 8.14–8.18; Figures TS.6 and TS.7}
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From	  Intergovernmental	  Panel	  on	  Climate	  Change	  (IPCC)	  5th	  Assessment	  Report,	  SPM.5	  

Clouds/aerosol	  
interacMons	  are	  significant	  
sources	  of	  overall	  climate	  

uncertainty	  



AERONET	  cloud	  measurments	  
AERONET	  (AErosol	  ROboMc	  NETwork)	  	  

long	  term	  network	  of	  sun	  photometers	  	  
Observes	  Aerosol	  OpMcal	  Depth	  (AOD)	  +	  
aerosol	  microphysical	  properMes	  	  

	  
AERONET	  comprises	  hundreds	  of	  Cimel	  sun	  
photometers	  and	  many	  locaMons	  globally	  
	  

Typically	  AERONET	  
instruments	  “sleep”	  when	  

clouds	  cover	  the	  sun	  
	  

Data	  available:	  
aeronet.gsfc.nasa.gov	  



AERONET	  cloud	  measurments	  

Instead	  of	  “sleep”	  for	  
clouds,	  instruments	  
make	  a	  zenith	  
measurement	  
	  
Radiances	  at	  870nm	  
and	  440nm	  used	  to	  
determine	  Cloud	  
OpMcal	  Depth	  (COD)	  
and	  Cloud	  FracMon	  
(Ac)	  
	  
Basis:	  spectral	  
contrast	  of	  vegetaMon	  
reflecMon	  vs.	  	  ‘white’	  
clouds	  

From	  NASA	  Climate	  &	  Radiaiton	  Science	  Research	  portal	  January	  1,	  2012	  
monthly	  highlight:	  atmospheres.gsfc.nasa.gov/climate/index.php?secMon=172	  

Chiu,	  J.	  C.,	  Huang,	  C.-‐H.,	  Marshak,	  A.,	  Slutsker,	  I.,	  Giles,	  D.	  M.,	  Holben,	  B.	  N.,	  Knyazikhin,	  Y.,	  and	  Wiscombe,	  W.	  
J.,	  2010:	  Cloud	  opMcal	  depth	  retrievals	  from	  the	  Aerosol	  RoboMc	  Network	  (AERONET)	  cloud	  mode	  observaMons.	  
J.	  Geophys.	  Res.,	  115	  (D14202),	  .	  	  



AERONET	  cloud	  measurments	  

Instead	  of	  “sleep”	  for	  
clouds,	  instruments	  
make	  a	  zenith	  
measurement	  
	  
Radiances	  at	  870nm	  
and	  440nm	  used	  to	  
determine	  Cloud	  
OpMcal	  Depth	  (COD)	  
and	  Cloud	  FracMon	  
(Ac)	  
	  
Basis:	  spectral	  
contrast	  of	  vegetaMon	  
reflecMon	  vs.	  	  ‘white’	  
clouds	  

0.2 to 1.0. Red dots are cloud mode data points. By coplotting
data points on the underlying lines, we can retrieve both tc
and Ac simultaneously.
[14] The two sets of surface albedo used in Figure 3 have

a difference of 15% at 440 nm and 30% at 870 nm, while the
absolute spectral contrasts for MODIS and climatological
data are 0.34 and 0.22, respectively. When the spectral
contrast is reduced from Figure 3a to Figure 3b, the
underlying curves shrink, and thus, retrieved cloud fractions
Ac are affected significantly; however, the impact on cloud
optical depth retrievals is small. Therefore, retrieved tc is
much less sensitive to the uncertainty in surface albedo than
Ac. This is a new and important feature for our retrieval
method and has not been reported in earlier studies of sen-
sitivity to uncertainty in surface albedo [Barker and
Marshak, 2001; Marshak et al., 2004; Chiu et al., 2006].
[15] The three main sources of uncertainty for our re-

trievals include zenith radiance measurements, assumed
cloud drop effective radius, and surface albedo estimates. At
given surface albedo values of 0.05 and 0.3 at 440 and
870 nm, respectively, 5% uncertainty in zenith radiance
measurements leads to a 5%–10% error in retrieved cloud
optical depth, while 25% uncertainty in cloud drop effective
radius leads to a ∼4% error. When uncertainty in surface
albedo is assumed to be 10% and 5% for 440 and 870 nm,
respectively, retrievals have a 1%–3% error. Based on these
sources of uncertainty, the total retrieved cloud optical depth
uncertainty is expected to be up to 17%. Although uncer-
tainty in aerosol loading also causes errors in our cloud
optical depth retrievals, these errors are negligible because
the majority of retrieved cloud optical depths are larger than
15 (as shown in section 3).

2.3. Cloud Mode Optical Depth Averaging Technique
[16] Two types of cloud optical depth retrievals are pre-

sented in this paper: instantaneous and 1.5 min average. The
former is retrieved from zenith measurements every 9 s at
each wavelength giving at most 10 values every 15 min
during cloud mode operation. These values are grouped into
a cluster spanning a ∼1.5 min time interval. (With a nominal
wind speed of 10 m s−1, a cluster corresponds to ∼1 km.)
The problem is how to create a meaningful average of cloud
optical depth over this time interval, excluding as many as
possible clear sky occurrences.
[17] To reduce combined impacts of cloud gaps and

unphysical retrievals on the cluster’s average, we exclude
retrievals below the 25th and above the 50th percentile (a
similar approach was used by Remer et al. [2005] for aerosol
retrievals). Typically, this “exclusion method” means we
average only 2 or 3 of the (maximum) 10 points in the
cluster. A certain arbitrariness results here, we could have
chosen other numbers than 25 and 50, but after considerable
experimentation, empirically, the 25th to 50th percentile
averages were accepted to represent our 1.5 min average
cloud optical depths.
[18] We chose this exclusion method for two reasons. The

first reason is the radiative effect of a finite FOV. When a
cloud is fragmented, instantaneous retrievals suffer from the
“clear‐sky contamination” problem [Chiu et al., 2006]. This
problem occurs when the radiometer FOV is partially clear,
which causes smaller zenith radiances than if the FOV were
fully cloudy. This condition leads to unphysically large
cloud optical depth retrievals. These unphysical retrievals
would significantly bias the mean toward large values. The
second reason for using the exclusion method is that a few

Figure 3. Model‐generated lookup tables assuming a cloud effective radius of 8 mm and solar zenith
angle of 58°. Surface albedo values at 440 and 870 nm are (a) 0.06 and 0.40 (from MODIS products)
and (b) 0.05 and 0.27 (from the climatology database). Lines and curves represent various cloud optical
depth (tc) and effective cloud fraction (Ac), respectively. Red dots are data points taken from AERONET
cloud mode operation at the ARM Oklahoma site on 20 January 2006.
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AERONET	  cloud	  measurments	  
LUT	  at	  lel	  is	  
appropriate	  for	  
liquid	  clouds,	  there	  
is	  another	  ice	  clouds	  
	  

Which	  to	  use?	  	  
	  
Standard	  
measurements	  do	  
not	  indicate	  
thermodynamic	  
phase,	  incorrect	  
selecMon	  is	  a	  large	  
source	  of	  error	  
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data points on the underlying lines, we can retrieve both tc
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15 (as shown in section 3).
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The problem is how to create a meaningful average of cloud
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possible clear sky occurrences.
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cloud is fragmented, instantaneous retrievals suffer from the
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Polarimetry	  as	  a	  cloud	  observaMon	  tool	  

Some	  AERONET	  Cimel	  sun	  photometer/
radiometers	  have	  polarizaMon	  sensiMvity…	  	  

	  
can	  it	  be	  used	  to	  determine	  cloud	  phase?	  



We	  simulate	  the	  polarizaMon	  from	  this	  scene	  (using	  a	  
doubling	  and	  adding	  vector	  radiaMve	  transfer	  code)	  

Polarimetry	  as	  a	  cloud	  observaMon	  tool	  



Water	  phase	  clouds	  
-‐  Large	  droplets,	  effecMve	  radius	  =	  10µm	  
-‐  Small	  droplets,	  effecMve	  radius	  =	  5µm	  

Ice	  phase	  clouds	  
-‐  Shape:	  plates	  and	  hexagonal	  columns	  
-‐  “roughened”	  ice	  	  
-‐  (size	  not	  relevant	  for	  polarizaMon)	  
-‐  (more	  complex	  shapes	  also	  less	  relevant)	  	   vs.	  

ex.	  from	  Cloud	  ParMcle	  Imager	  (CPI)	  from	  	  Baran,	  JQSRT	  (2009)	  

We	  simulate	  the	  polarizaMon	  from	  this	  scene	  

Polarimetry	  as	  a	  cloud	  observaMon	  tool	  



Polarimetry	  as	  a	  cloud	  observaMon	  tool	  
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•  Stokes	  polarizaMon	  vector	  
–  I:	  total	  
–  Q,	  U:	  linear	  polarizaMon	  
–  V:	  circular	  polarizaMon	  (minimal	  

for	  earth	  science)	  

Similar	  for	  Q,	  U	  &	  V	  radiances	  [w/m2	  sr]	  
ro	  –	  solar	  distance	  [AU]	  
Fo	  –	  Exo-‐atmospheric	  irradiance	  [w/m2]	  

RI =
Iπro

2

Fo cos θs( )

Reflectance	  RI,	  RQ,	  RU	  

DoLP = Q2 +U 2

I

Degree	  of	  Linear	  PolarizaMon	  (DoLP)	  

PorMon	  of	  reflectance	  due	  to	  polarizaMon,	  always	  posiMve	  
Olen	  less	  sensiMve	  to	  calibraMon,	  but…	  
	   	  …expresses	  both	  total	  and	  polarized	  interacMons	  

Î (x°) radiance	  observed	  with	  linear	  polarizer	  
oriented	  at	  angle	  x	  from	  the	  reference	  frame	  
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Cloud	  phase	  
indeterminate!	  

DoLP = Q2 +U 2

I

Cloud	  OpMcal	  Depth	  (COD)	  vs.	  
Degree	  of	  Linear	  PolarizaMon	  

Cloud	  OpMcal	  Depth	  (COD)	  vs.	  	  
Q	  reflectance	  	  

(in	  scaJering	  plane,	  U≈0)	  

A	  clear	  disMncMon!	  But	  Cimels	  are	  
designed	  to	  measure	  DoLP,	  not	  Q…	  

are	  they	  accurate	  enough?	  
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Cloud	  phase	  
determinaMon	  
depends	  on	  
-‐	  Q	  measurement	  
accuracy	  
-‐	  Cloud	  OpMcal	  Depth	  
-‐	  Solar	  Geometry	  

	  
	  
	  
	  

Can	  it	  be	  done	  with	  
AERONET	  Cimels?	  

	  
	  



Data	  exploraMon	  
Research	  site:	  a	  polarizaMon	  sensiMve	  Cimel	  operaMng	  at	  the	  Cabauw	  

Experimental	  Site	  for	  Atmospheric	  Research	  (CESAR)	  in	  the	  Netherlands	  

In	  addiMon	  to	  AERONET	  Cimel,	  Cabauw	  
has	  for	  cloud	  phase	  verificaMon:	  
	  
-‐	  Vaisala	  LD-‐40	  Ceilometer	  	  

	  (cloud	  base	  height)	  
	  
-‐	  Pyrometer	  NubiScope	  	  

	  (cloud	  base	  temperature)	  
	  
	  
	  



Data	  exploraMon	  
Histogram	  of	  Q	  observaMons	  –	  we	  expect	  majority	  of	  values	  to	  be	  posiMve,	  
indicaMng	  the	  more	  common	  case	  of	  liquid	  clouds	  –	  not	  so	  in	  the	  data	  
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Data	  exploraMon	  
One	  revealing	  day	  –	  lots	  of	  scaJer	  

Cabauw time series 2013/2/3
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Data	  exploraMon	  
One	  revealing	  day	  –	  Cimel	  Q	  doesn’t	  seem	  to	  correspond	  to	  cloud	  type	  

Cabauw time series 2013/2/3
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Cabauw time series 2013/2/3
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One	  revealing	  day	  –	  averaging	  helps	  somewhat…	  

Should	  be	  
ice	  cloud…	  

Should	  be	  water	  cloud…	  



Data	  exploraMon	  
Noise	  appears	  to	  overwhelm	  any	  cloud	  phase	  signal	  

Q, cloud base comparison, 50°< θ< 60°
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Data	  exploraMon	  
Similar	  results	  for	  Nubiscope	  

Q, sky brightness comparison, 50°< θ< 60°
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Conclusions,	  next	  steps,	  instrument	  development	  

AERONET	  polarized	  cimel	  cloud	  measurments	  at	  CESAR	  site	  are	  too	  noisy	  to	  
show	  the	  expected	  cloud	  phase	  polarizaMon	  predicted	  by	  theory	  
	  
-‐  Polarized	  Cimel	  instruments	  at	  CESAR	  site	  were	  designed	  to	  measure	  

DoLP,	  not	  Q	  reflectance,	  which	  we	  need.	  Uncertainty	  assessment	  
doesn’t	  exist.	  

-‐  Newer	  polarized	  Cimels	  have	  been	  deployed	  at	  NASA	  GSFC	  in	  Maryland.	  
These	  instrument	  have	  mulMple	  polarized	  channels	  and	  possibly	  beJer	  
uncertainty.	  IniMal	  analysis	  is	  promising,	  but	  ongoing.	  

-‐  Efforts	  are	  underway	  at	  NASA	  Ames	  to	  develop	  a	  prototype	  instrument,	  
with	  high	  polarimetric	  accuracy,	  intended	  for	  cloud	  phase	  
measurements	  (Steve	  Dunagan).	  



We	  are	  developing	  a	  high	  
polarimetric	  accuracy	  instrument	  
as	  a	  test	  of	  these	  concepts	  
	  
UMlizes	  Biospherical	  Instruments	  
Microradiometers	  (24	  bit)	  +	  
Wollaston	  prisms	  to	  detect	  
polarizaMon	  
	  
Modular	  system	  can	  support	  up	  
to	  18	  channels/polarizaMon	  
components	  
	  
Goal:	  to	  determine	  if	  cloud	  
phase	  detecMon	  using	  
polarizaMon	  is	  a	  reasonable	  
measurement	  objecMve	  	  	   www.biospherical.com	  

Conclusions,	  next	  steps,	  instrument	  development	  
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Physical	  reason	  for	  cloud	  phase	  expression?	  	  
…difference	  in	  single	  scaJering	  properMes	  
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